Abstract -The development and standardisation of a novel, highly sensitive and specific one-step hot start multiplex RT-PCR assay is presented for the simultaneous and differential diagnosis of African swine fever (ASF) and Classical swine fever (CSF). The method uses two primer sets, each one specific for the corresponding virus, amplifying DNA fragments different in length, allowing a gel-based differential detection of the PCR products. Universal detection of ASF and CSF virus strains was achieved through selection of primers in conserved viral genome regions. The detection range was confirmed by analysis of a large collection of isolates of the two viruses. The high specificity of the assay was proven by testing related viruses, uninfected cell line cultures and healthy pig tissues. Additional confirmatory tests of the ASF and CSF virus amplicon specificity, based on restriction endonuclease analysis with BsmA I or Ban II, respectively, are also described. The analysis of whole blood and serum samples from experimentally infected animals proved the usefulness of the method for an early diagnosis of both diseases, even before the appearance of the first clinical signs. A study of 150 positive field samples from several ASF and CSF outbreaks showed the suitability of this method for a rapid (less than five hours), sensitive and specific differential diagnosis in clinical samples. In addition, a highly sensitive and specific uniplex RT-PCR for CSFV was also developed and standardised as a powerful tool for fast and early diagnosis of the disease. 
INTRODUCTION
African swine fever (ASF) and Classical swine fever (CSF) are two highly contagious viral diseases of swine affecting domestic pig and wild boar populations. Both diseases are included in OIE List A, because of the high mortality rates associated with the acute forms, that cause huge economic losses in the affected countries, and the potential for extensive and rapid spread at international level.
ASF is caused by African swine fever virus (ASFV), a complex double stranded DNA virus, classified as the only member of genus Asfivirus in the family Asfarviridae [28] . The acute form of ASF is characterized by high fever, extensive haemorrhages, pulmonary oedema and intensive necrosis of lymphoid tissue [11, 24] . During past decades the disease was present as endemic in most of the sub-Saharan countries of Africa, and a significant increase in the ASF outbreaks has occurred since 1997. In these countries, ASF is maintained by a cycle of infection between wild boars, acting as a reservoir, and soft ticks (the biological vector) with transmission to domestic pigs. Since the first introduction of the disease in Europe (Lisbon, 1957) , several outbreaks of ASF have taken place in different European and American countries [2, 3] . At present the virus is endemic in Sardinia (Italy), where carrier wild boars and domestic pigs recovered from the ASFV infection have been considered involved in maintaining the disease. No treatment or effective vaccine is available against ASF and the disease control is based on a rapid laboratory diagnosis and the enforcement of strict sanitary measures.
CSF is caused by Classical swine fever virus (CSFV), an enveloped virus with a positive single stranded RNA genome, belonging to the Pestivirus genus of the Flaviviridae family [36] . It is closely antigenic and genetically related to the other members of the Pestivirus genus: Bovine Viral Diarrhoea Virus (BVDV) and Border Disease Virus (BDV), alias ovine pestivirus, that sporadically also infect swine herds. CSF has currently a worldwide distribution, even though some countries have successfully eradicated the virus, it represents a constant threat to pig producing countries. In Europe CSFV is maintained within the wild boar population that may re-introduce the disease by contact with domestic pigs [26] . Illegal swill feeding practices have also been considered to be responsible for some of the recent CSF outbreaks in Europe. CSF acute and subacute forms are characterised by haemorrhages and can be easily confused with those observed in ASFV infections. This fact makes the differential diagnosis essential in the case when haemorrhagic symptoms and fever are observed in a swine population. At present a non-vaccination policy is implemented in the EU. A main reason for this ban is that no differentiation between vaccinated and naturally infected animals can be made, when conventional live virus vaccines are used. Recently, new marker vaccines have been introduced in the market, but the discriminatory test accompanying these marker vaccines need to be improved in terms of sensitivity and specificity. At present, CSF control-eradication strategies in the EU are mainly based on an early laboratory diagnosis and implementation of the specific sanitary measures, including stamping out of large numbers of animals in the affected areas and in the surroundings. The losses can be very high. For example, during the 1997-1998 epidemic in The Netherlands 429 CSF-infected herds were depopulated and approximately 1 300 herds were slaughtered pre-emptively. In addition millions of pigs of herds not CSF-infected were killed for welfare reasons [34] .
The above listed points clearly indicate that the rapid and robust diagnosis of ASF and CSF is extremely important, in order to prevent the huge losses in the swine populations.
ASF and CSF require early diagnosis as an essential tool in epidemiological surveillance programmes. The standard laboratory Detection of ASFV/CSFV by multiplex RT-PCR 553 methods for diagnosis of ASFV and CSFV are mainly based on virus isolation in cell culture, which is tedious and time consuming. The PCR is an alternative rapid detection method of the viruses [6, 10] . It has at least the same sensitivity than standard cell cultures and offers much higher sensitivity and specificity than other available rapid methods such as ELISA and immunofluorescence based assays [23, 30, 35] . Several uniplex PCR-based methods have been reported for ASFV or CSFV detection. However, according to our knowledge, there is no report on the use of multiplex RT-PCR format to detect ASFV and CSFV viruses in a single reaction.
The purpose of this study was the development of a hot-start multiplex RT-PCR for the simultaneous and very rapid detection of ASFV and CSFV.
MATERIALS AND METHODS

Viruses
ASFV and CSFV isolates as well as other related viruses used throughout this study are listed in Table I .
Cell cultures and virus propagation
ASFV were propagated in pig leukocytes or alveolar macrophages cultures, and virus isolation and haemadsorption tests were performed as previously described [21, 37] . Other viruses were grown in PK15 cell line (CSFV isolates and Aujeszky's Disease Virus, ADV); MDBK cell line (BVDV and BDV strains); BHK-21 cell line (Foot-and Mouth Disease Virus, FMDV, and Vesicular Stomatitis Virus, VSV); porcine alveolar macrophages (Porcine Respiratory and reproductive Syndrome virus, PRRSV, European variant strain 5710); and MARC-145 cell line (PRRSV, American variant strain VR2332), following standard protocols. PK15, MDBK, and BHK-21 non-infected cell cultures were also used in the specificity assays.
Experimental and field samples
All the in vivo experiments were performed in the BSL-3 animal facilities at CISA, Valdeolmos. Large-white × Landrace pigs were inoculated with ASFV or CSFV isolates and clinical samples were obtained as follows.
ASFV experimental samples
-Serum and EDTA-blood samples from two one year-old pigs intramuscularly inoculated with 10 4 HADU 50 of the low virulent ASFV Spain 75 strain, were collected on days 0, 1, 2, 3, 4 and 7 post-inoculation (PI).
-Tissue samples (spleen, kidney, tonsils, lung, liver and lymph nodes) and EDTAblood were obtained at PI day 5 from one pig, three months of age, intramuscularly inoculated with 10 7 HADU 50 of ASFV Lisbon 60 strain. For further studies in poorly preserved samples, pieces of kidney samples were kept at room temperature for 0, 14 and 28 days.
CSFV experimental samples
-Serum samples from two 1 year-old pigs inoculated with CSFV by intramuscular administration of 10 6 TCID 50 of Spain 2/ 2001 isolate were collected on PI days 0, 1, 2, 3, 4, 7 and 14. One of the pigs was euthanized on PI day 7. From this animal spleen, tonsils and kidney tissue samples were collected. -Spleen, tonsils, kidney and lymph nodes tissue samples from one pig experimentally infected with CSFV via intramuscular injection of 5 × 10 5 TCID 50 of V1240/97 (Paderborn) isolate, sacrificed at PI day 7.
Porcine blood and tissue samples (spleen, kidney, and tonsils) of a healthy donor pig were employed in the specificity assays. were confirmed to be ASFV or CSFV positive by OIE described reference methods [37] .
Primers and restriction endonuclease selection
ASFV specific primers PPA-1/PPA-2, previously described [1] , were employed in the multiplex RT-PCR.
CSFV specific primers were designed considering sequences of the 5'NTR of the genome of 55 different pestivirus strains, available in GenBank or in the database of CSF European reference laboratory of Hanover (Germany), that includes 37 CSFV representing subgroups described by Lowings [20] : 1.1, 1.2, 2.1, 2.2, 2.3 and disparate virus outgrouped [12, 13, 15, 25, 27, [31] [32] [33] , fourteen BVDV belonging to types I and II [5, 8, 32] and four BDV isolates [4, 29] . Sequences were aligned, using Clustal W software, and five oligonucleotides were primarily selected from highly conserved sequences among the different CSFV strains but showing high divergence with the other pestiviruses. Three primer pairs defining amplicons different in length to the ASFV specific amplicon, were tested in a preliminary uniplex and multiplex RT-PCR study. CSFV primer set, PPC-3/PPC-4 was finally selected on the basis of the best results in both sensitivity and specificity. The oligonucleotide sequence of the ASFV and CSFV primer sets and their main characteristics are summarized in Table II . Oligonucleotides were purchased from Applied Biosystems (Foster City, USA).
A BsmA I site cutting the PPA-1/PPA-2 ASFV amplicon in two fragments of 173 and 84 bp has been previously described [1] . Sequence analysis of the CSFV genome region delimited by PPC-3/PPC-4 primer pair allowed to locate a Ban II restriction endonuclease site, splitting the amplicon in two fragments of 70 and 38 bp, that was conserved in the sequence of all the CSFV analysed isolates. The Ban II and BsmA I restriction endonuclease sites were used for additional specificity confirmation of the amplification products.
Extraction methods
Total nucleic acids (DNA and RNA) were purified from 200 µL of sample (cell cultures, serum, blood collected in EDTA, tissue homogenates 10% in PBS) using High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany), following manufacturer's protocol. Nucleic acids were finally eluted in 50 µL of milliQ water. This extraction method was used for any DNA virus and also for CSFV. Amplification products were analysed by electrophoresis on a 2% (ASFV uniplex PCR) or 3% (CSFV uniplex RT-PCR and multiplex RT-PCR) agarose gel containing 0.5 µg/mL of ethidium bromide.
Restriction enzyme analysis
Analysis with BsmA I or Ban II restriction endonuclease of the respective ASFV or CSFV amplicon was performed in a 20 µL volume reaction, using 10 µL of the amplification products and 5 U or 10 U of enzyme, respectively. Reactions were incubated for at least 1 h 30 min at 55 °C (BsmA I) or at 37 °C (Ban II). Restriction fragments were analysed by electrophoresis on a 3% agarose gel.
RESULTS
Five CSFV specific oligonucleotides combined in three PCR primer sets, were primarily designed for their assessment in a preliminary study of the multiplex RT-PCR test together with PPA-1/PPA-2 ASFV specific primers. From all the candidates, primer pairs demonstrating the best sensitivity and specificity results were finally selected for further optimisation and standardisation of the multiplex ASFV/CSFV RT-PCR. In parallel, different methods for simultaneous DNA and RNA isolation were under evaluation looking for the best single DNA and RNA extraction protocol accompanying the multiplex RT-PCR assay. The extraction method based on nucleic acid binding to glass fiber pre-packed in filter tubes, using High pure PCR template preparation kit, was finally selected. Different amplification assays were also performed to select the type of polymerase enzyme and optimise the reaction conditions in the uniplex and multiplex assays. CSF uniplex RT-PCR and ASFV/CSFV multiplex RT-PCR were finally optimised using the One step RT-PCR kit.
Sensitivity assays
PCR experiments were performed on serial ten-fold dilutions in serum of a viral suspension of ASFV Spain 70 or CSFV Spain 1/2001 with a titre of 1.6 × 10 6 HADU 50 /mL and 10 6.6 TCID 50 /mL, respectively, in order to determine the uniplex and multiplex RT-PCR's lowest detection limit. Purified viral genomes were obtained using High pure PCR template preparation kit. The sensitivity was consistently observed to be 1.2 HADU 50 for ASFV in the multiplex RT-PCR assay (Fig. 1) and 0.32 TCID 50 , for CSFV by either CSFV uniplex and multiplex RT-PCR (Fig. 2). 
ASFV and CSFV simultaneous detection by multiplex RT-PCR
Several ASFV and CSFV virus sample mixtures, containing known amounts of both viruses spiked onto pig serum, were analysed in order to evaluate the efficiency of the extraction method and the novel uniplex or multiplex RT-PCRs in samples containing both viruses. Specific amplified products were found in each sample according to their viral content (Fig. 3) . The lowest detection limit of the multiplex RT-PCR assays for CSFV, was the same when only CSFV or both viruses were present in the sample, even though if an imbalance proportion of the two viruses was in it. In the case of ASFV, lowest detection limit in spiked samples containing very big amounts of CSFV was one log higher than that obtained when ASFV was the only virus in the sample.
Specificity of uniplex and multiplex RT-PCR assays
The specificity of the multiplex RT-PCR and the CSFV uniplex RT-PCR reactions was assessed by analysis of viral genomes from 22 ASFV isolates from European, African and American origins and 17 CSFV strains, representing all the subgroups. All the ASFV strains tested gave a specific positive amplification product of 257 bp, in the multiplex RT-PCR assay and showed the expected pattern after Bsm AI restriction endonuclease analysis (data not shown). The 17 CSFV strains analyzed produced an amplicon of 108 bp in both the CSFV uniplex and the multiplex RT-PCR assays. Specificity of the CSFV amplicons was furthermore confirmed by Ban II restriction endonuclease analysis which generated the two expected fragments of 70 and 38 bp in length. Some representative results are shown in Figure 4 . Different representative pestiviruses, five BVDV isolates belonging to types I or II, and four BDV isolates, were also evaluated giving no amplification product in all the cases (Fig. 5) . Moreover, the viral genomes of other porcine viruses as following: FMDV (the seven serotypes), SVDV, VSV (Indiana and New Jersey strains), PRRSV (European and American strains), and ADV, were assayed, giving not amplification signal. Finally, nucleic acids from tissue homogenates, EDTA-blood, and serum samples derived from a healthy pig, and several noninfected cell lines were also tested showing no positive products in any of the uniplex or multiplex PCR assays (data not shown).
ASFV and CSFV detection by uniplex or multiplex PCR assays in experimental and field samples
A viraemia study in blood and/or serum samples was also performed by analysis of The analysis of EDTA-blood and serum samples from ASFV infected pigs showed positive amplification from PI day 3 in EDTAblood samples and from PI day 4 when serum samples were tested (Fig. 6) . Similarly, serum samples recovered from CSFV experimentally infected pigs showed the presence of the virus from PI day 3 both in CSFV uniplex (data not shown) and multiplex RT-PCR assays (Fig. 7) . Significantly first clinical signs (hyperthermia) in the ASFV and CSFV experimentally infected pigs did not appear until PI days 4 and 5, respectively.
To determine the validity of the methods in any clinical sample, tissue samples from experimentally infected pigs with ASFV or CSFV were assayed in uniplex and multiplex RT-PCR. Each one of the tissue samples yielded the corresponding specific ASFV or CSFV amplified product when analysed by both the specific uniplex (data not shown) and multiplex reactions (Fig. 8) .
The multiplex RT-PCR analysis of kidney tissue samples from an ASFV infected pig, poorly preserved during 0, 14 or 28 days storage at room temperature showed a strong positive amplification signal even after 28 days storage at bad conditions (data not shown).
Finally, PCR studies by uniplex and multiplex assays were performed on a collection of 70 ASFV and 80 CSFV field samples. Presence of virus was detected in all clinical samples by either the respective uniplex PCR or RT-PCR test and by the multiplex RT-PCR (data not shown).
DISCUSSION
The extensive national and international commercial trade of live animals and products keeps free countries at the constant risk of introduction of exotic diseases. ASF and CSF are two important List A diseases of swine that can be easily confused because of their similar clinical presentation, making mandatory the differential laboratory diagnosis of both viruses in the case of any haemorrhagic fever suspicions. Diagnostic laboratories must have rapid and accurate procedures for use in the surveillance campaigns carried out in free countries. Such methods are also needed in the control and eradication programmes in affected countries, because the rapid detection of infected animals would reduce the potential transmission of the viruses to uninfected herds and would avoid the spread of the disease.
In the last decade, various PCR assays have been developed for the detection of ASFV [1, 18, 35, 37] and of CSFV [16, 17, 19, 23, 30, 38] . These assays provide novel diagnostic tools, but a disadvantage is the restricted ability to detect only a single virus, ASFV or CSFV. Since ASFV and CSFV cause very similar clinical symptoms, it would be very practical if a single assay could detect and differentiate the two viruses. Such complex method, termed multiplex PCR, is a very useful tool in a diagnostic laboratory.
In this work, a novel highly sensitive and specific multiplex RT-PCR assay is described and applied for the simultaneous and differential detection of ASFV and CSFV. Moreover, a novel highly sensitive and specific uniplex RT-PCR assay for CSFV detection in clinical samples was also standardised and is ready now to use in diagnostic laboratories.
In general, the development of a multiplex PCR assay is not an easy task. The most common problem is that quite a number of primers have to be used in the same reaction tube or well and these molecules may interact with each other, which may block the reaction [7, 9, 10, 14, 22] . A further problem may be the reliable identification of the various PCR products. To overcome these problems, a very careful primer selection and sequence analysis was performed here, which yielded clear reactions. Specific primer pairs were selected so that amplified DNA fragments could be separated distinctly by size when running agarose-gel electrophoresis. An additional requirement for the CSFV primer-design was that these sequences had to be selected from a highly conserved region in the CSFV genome, in order to provide a general amplification of all possible variants of CSFV. At the same time, the amplification of other pestiviruses (BVDV and BDV) had to be avoided. This requirement was confirmed by testing a panel of BVDV type I and II isolates, as well as a collection of BDV isolates, including those that had demonstrated major cross-reactivity with CSFV.
One of the main keys to set up the singlestep multiplex RT-PCR protocol was the use of an enzyme mix containing hot start DNA polymerase. Since template could be Detection of ASFV/CSFV by multiplex RT-PCR 561 DNA (ASFV) or RNA (CSFV) genomes, and a first step of reverse transcription had to be performed at low temperature, the use of a hot start Taq DNA polymerase was essential to avoid non-specific amplifications caused by primer annealing at low temperature. On the other hand, the application of a single tube, single-step procedure makes the present method of ASFV and CSFV simultaneous detection less time consuming and with a decreased risk of cross contamination.
In order to set up a rapid and simple method for the detection of ASF and CSF viral genomes, a simultaneous DNA and RNA purification method from EDTA-blood, serum and tissue samples was also standardised. The purification is very rapid, it requires less than one hour for being accomplished. The use of this method (High pure PCR template preparation kit) in addition to the multiplex RT-PCR assay, allows a rapid approach for the differential detection of the ASFV DNA or CSFV RNA in any clinical sample in a single assay. By running this new assay, the laboratories will obtain a complex diagnosis of ASF and CSF within five hours.
The sensitivity of the multiplex test in comparison to the corresponding uniplex PCR for the detection of each of the two targets, was identical in case of CSFV (0.32 TCID 50 ) and only one 10 fold decreased in ASFV (0.12 HADU 50 in the uniplex assay and 1.2 HADU 50 in the multiplex assay). The test also allowed the specific detection of the two viruses simultaneously mixed in spiked samples, resembling a hypothetical co-infection.
Both, uniplex and multiplex tests showed to be highly sensitive for an early detection of ASFV and/or CSFV in clinical samples from infected animals, even though a one day delay in ASF virus detection was observed when using multiplex RT-PCR instead of the specific uniplex PCR assay [1] . ASF and CSF virus detection in EDTA-blood and/or serum was possible from third day postinoculation, even before the first clinical symptoms appearance. It is particularly important in the case of CSF outbreaks because here the specific antibody response does not appear before 14-24 days after infection. In such case the direct virus-detection techniques play the major role for an early and feasible detection of infected animals. In addition, the positive results obtained after multiplex test analysis of bad preserved ASFV tissue samples broaden the range of sample application.
The specificity studies by analysis of 22 different ASFV isolates from different geographical origins, and 17 CSFV isolates representing all the subgroups, clearly demonstrated the uniplex and multiplex methods could be of universal application. The ability to additional checking of the specificity of the amplicons by simple restriction endonuclease digestion, instead of sequencing, also broadens the range of laboratories in which this diagnostic technique can be used with confidence.
In summary, the results of the study showed the use of the hot start one step multiplex RT-PCR and the corresponding uniplex PCRs, in addition to the previous DNA/RNA common extraction method, as a simple, economical and reliable tool for rapid, sensitive and specific differential diagnosis of ASFV or CSFV in clinical samples, even in cases of a hypothetical co-infection.
In the present work the analysis of the amplified targets was carried out by size analysis of DNA fragments on agarose gels. However, detection of a signal specific for a target DNA could be also possible by using fluorescent-labelled hybridisation probes in the near future. In summary, the ASFV/ CSFV multiplex RT-PCR assay proved to be rapid, sensitive and practical. The new method will provide a powerful tool to combat the two major List A viruses of swine.
